Stress generation behavior in a steel-scale system and its relations to the structural and compositional changes of the oxide scale and the steel during high temperature oxidation were investigated by an X-ray method. A high temperature furnace capable of in situ measurement of elastic strains by Xray diffraction up to 900 °C under controlled atmosphere was newly designed. With the furnace, mild steel SS 41A(1.19 % Mn, 0.2 % C) was oxidized in air over a temperature range of 250N500 °C, the stresses and lattice constants of the steel and oxide were measured by using the sine ~b method with Ka1 radiations of Cr and Co. The stresses in the steel measured by Cr-Ka1 X-ray during oxidation at 500 °C were found to become compressive after 100 h oxidation, while those of pure iron, and of the steel measured by Co-Ka1 X-ray remained tensile under the same oxidation condition. A gradual decrease of lattice constant was observed in the steel after prolonged time of oxidation at 500 °C, while those of the pure iron, and of the steel measured by Co-Ka1 X-ray were nearly constant. Those differences were attributed to the compositional changes of some constituents in the steel near the steel-scale interface.
I. Introduction
Stresses generated in oxide film or scale during high temperature oxidation of metals and alloys will exert an influence directly on occurrence of spalling and crack in the scale, degrading eventually the protective power of that scale. An X-ray diffraction method is an effective way to follow nondestructively the strain generation behavior in such oxidation processes as mentioned above.
It is also suited for investigating characteristic aspects of the strain both in substrate and in oxide as a function of their structure and composition.
It was on the basis of those insights that the present authors conducted by X-ray diffraction method a study of the strain generation behavior of the steelscale system for a long time oxidation under pressurized carbon dioxide gas. A part of the results was reported previously,1) according to which the strain which was generated in the steel-scale system during oxidation consisted not only of elastic stress due to growth but also of indirect stress due to compositional variation.
The onset of the breakaway oxidation in the mild steel correlated well with the occurrence of the lattice expansion due to the compositional variation.
It was found that stress generation resulted from the lattice expansion was responsible for the creep deformation of the mild steel foil. Then a high temperature furnace that allows in situ measurement of elastic strain up to about 900 °C under controlled atmosphere was newly designed. In the course of development of the technique and simulation study on athermal effect, some new results were obtained about dynamic strain generation behavior at temperatures as high as 500 °C which is below the eutectoidal decomposition temperature of the wustite.
The purpose of the present paper is to provide such information for a mild steel and a pure iron and to correlate the strain generation behavior with the compositional change at the steel-scale interface and with the change in lattice parameters.
II. Experimental Procedure
Method and Instrument for Strain Measurement
A newly devised high temperature heating vessel is shown in Fig. 1 . The specimen is held in the cylindrical vacuum vessel and mounted at the center of rotation of a goniometer. The X-ray tube and detector are fixed at a diffraction condition. The vessel is equipped with a bar to hold and rotate the specimen in the diffraction geometry and provided with a mylar window for transmission of the incident and diffracted X-ray beams.
The sine ~l' method was employed for X-ray strain measurement. This is one of the side-inclination methods, in which diffraction measurement is made with the trace of detector scanning and the primary beam on the same plane and with changing the angle, cb, between the plane and the specimen surface normal. Since this method is simple to operate and uses a fixed incident angle to the specimen surface, it has an advantage in which error due to mechanical effect is negligible. On the other hand, another error arises from the following causes as (1) mismatch in alignment of the specimen surface with respect to the rotating axis and (2) effects of the slit breadth and absorption on the diffraction profile. However, it is sufficient, for evaluation of strain generation behavior in high temperature oxidation, to obtain a relative and successive, instead of absolute, change in the diffraction angle. Moreover, the above mentioned errors should not be significant when the primary X-rays are in a parallel beam. The initial state is naturally that before oxidation run, for which the regression line in plotting the spacing d of the specimen vs. sine ~b is horizontal, as shown in Fig. 2 .
Experimental conditions for the X-ray strain measurement are shown in Table 1 . A rapid scanning speed was employed to minimize the influence of change in strain generation feature during measurement. When the diffraction intensity was weak, as in case of oxide, on the other hand, large time con-stant and small scanning speed were combined to result in a relatively large averaging-of-counts effect to record a proper diffraction profile. and front with platinum wire by resistance heating. Radiation shields (aluminum, iron or nickel foil) are employed. Temperature up to 900 °C is reached which is calibrated by the a-r transformation point of iron, using a Pt-12.8%Rh thermocouple inserted into the specimen holder. It was controlled with a temperature regulator that during continuous heating at 500 °C for two weeks in air the standard deviation of the temperature was ± 1.23 °C or +0.256 % which corresponds to a deviation value of ±5.9 X 10.6 nm in the iron lattice constant.
Theory and Analytical Procedure
In the present work, generation behavior of the elastic strain in a steel-scale system and variation in lattice constants of both the metal and the scale were followed during oxidation. A lattice constant may be determined if Poisson's ratio v is independent of temperature and also composition. This is done by finding a value of the angle cf~~=o which satisfies the following equation and make the value of strain s~ nil. Then the regression line obtained from lattice spacings d vs, sin2 ~b plotting gives a lattice constant aE_0 at a given temperature and time of oxidation to which sin2 ~bE_o corresponds, that is, the ~E_o corresponds to an angle of zero strain for the stress ellipsoid. In this way the lattice constant was determined successively during oxidation. This procedure is an effective and reliable means for data smoothing and error minimization using the linear regression equation. The stress component in the specimen surface layer in the direction of ~i5 which is a projection of the direction of the diffracted X-rays on the surface is given by the following elastic stress-strain relationship equation2~ 
where, E: the Young's modulus v : the Poisson's ratio 00: the diffraction angle in the unstressed state. As we used the values of E and v of room temperature for the metals and the oxide, and the stresses were determined for the metals and the scales at a certain time intervals, the stress values presented herein should be considered as relative, not absolute, values.
3. Specimens and Oxidation Condition 1. Mild Steel SS41A and Pure Iron Slices were cut in a shape of sheet with 6 x 10 x 0.4 mm from the transversal section of SS41A steel bar. A surface of the slice was polished by emery paper, buffed, and electrochemically finished. The polished slices were annealed in vacuum at 600 °C for 3 h. Slices cut from a hot pressed bar of pure iron powder were treated in the same way as for the mild steel. The composition of specimen is shown in Table 2 .
Oxidation Condition
The specimen was initially heated in the hightemperature heating apparatus in air by removing mylar film window. A uniform temperature distribution was maintained with the radiation shield of iron foils, while air reacted at the specimen surface. A few hours were necessary for the specimen to reach the oxidation temperature.
Oxidation run was started after holding the specimen for half an hour. The effect of this treatment was confirmed to be negligible, particularly for such a long-run oxidation as a few hundreds hours or so. The oxidation conditions are summarized in Table 3. III. Results
Morphology and Structure of Surface Scales
As the specimens were oxidized below 570 °C, the temperature of eutectoidal decomposition of wustite, magnetite (Fe304) was formed mainly as the scale.
The formation of hematite (Fe203) was found by electron diffraction on the top surface of many specimens. Photograph 1 shows a typical cross section of a specimen oxidized at 500 °C in air for 200 h. It has a scale of 25 hem thickness, which consists mainly of magnetite with a thickness ratio of 0.96 (magnetite) to 0.04 (hematite). In all cases, no clear X-ray diffraction peaks of the hematite were detected. Therefore, it was concluded that the influence of hematite on the strain measurement could be neglected in this experiment. Photograph 2 shows a scanning electron-micrograph of a fractured section of the same specimen as in Fig. 3 , which indicates that a fine grain oxide, probably magnetite, appears at the steel-scale interface and then grows to the gas-scale interface as a coarse columnar grain. In both the optical and the electron micrographs many voids are seen in the outer layer of the oxide. It also appears that the Fe304 layer is less compact than the Fe203.
Variation in Lattice Constant 1. Mild Steel and Pure Iron
The specimen was heated up to a given temperature and then held in air for oxidation. The lattice constant aE=o, which corresponds to the angle of zero strain of the stress ellipsoid, was evaluated continu- ously during oxidation assuming that Poisson's ratio of the mild steel is 0.28. Figures 3 and 4 indicate the variation in the lattice constant obtained for SS41A at 250 and 400 and 500 °C, respectively. Figure 3 shows for both 250 and 400 °C that the lattice constant does not change much at first, but decreases slightly at 50 h then regains the first value after 100 h. The lattice constant at room temperature after oxidation was 0.003 % larger than that before oxidation, but this is within the experimental error. In Fig. 4 , the lattice constant (0) shows clearly continuous decrease at 500 °C, especially prominent after 100N 200 h, the maximum change being as large as 0.014 %, compared to the initial value. The room temperature value also changes by as much as 0.012 %, which is thought to be retention of the decrease of lattice constants at high temperature. The similar change was observed for the genuine lattice constant of a~_0, which were not shown to avoid confusion. The lattice constant of the pure iron, as shown in Fig. 4 (a) , for the first 50 h increase slightly, then once decreased, increases again to regain the peak value . As these changes show a certain regularity, they do not appear to be due to the simple error in the measurement. However, further work will be needed to confirm this suspicion, for it may be said that changes less than 0.005 %, both incremental and decremental, should be taken as no change for the case of pure iron.
Magnetite
As has been noted previously, only weak diffraction peaks of magnetite were observed at 250 and 400 °C. At 500 °C, the diffraction intensity was relatively strong, the measurement of the stress was carried out with magnetite scale. The variety in the lattice constant of Fe304 is shown in Fig. 5 
equal to 50 MPa were observed in the mild steel. After 100 h oxidation at 250 °C, a stress in tension of 3O-.-7O MPa or a strain of -.'5 x 10-4 was observed.* And at 400 and 500 °C, 50 70 MPa in compression or N -5 x 10-4 was detected. As a comparison, stress observed in the pure iron at 500 °C was shown in Fig. 7 (square) . They show tensile stresses of nearly equal to or slightly larger than 50 MPa. This observation agrees with the rule based on the P.B. ratio,** which gives a value of 2.1 for magnetite formation and therefore predicts the stress to be tensile in the metal if the transport mechanism of ions can be ignored. The compressive stresses in the steel after 100 h of oxidation at 400 and 500 °C are therefore apparently due to compositional change of some constituents in the steel, a point which will be discussed later.
Stresses observed in the scale (magnetite) formed at 500 °C on mild steel and pure iron have been shown in Fig. 8 . The measured values scatter greatly in tension or compression as indicated because of the relatively diffuse diffraction peaks, which undoubtedly had caused certain errors in the measurement. The scale of mild steel shows generation of compressive stress, but the corresponding stress in the steel was also compressive. The magnitude of the strain in the scale is -2---5 x 10-4, which is on the same level as failure strains of 1 x 10.3'-2 x 10-4 for scale formed on Armco iron4'5> at 500 °C and 2.7 N 5.1 x 10-4 for oxide on a mild steel6~ at 500 °C under cyclic loading, where E=180 GPa, v =O.35 were used for these evaluations. Further effort will be made to reduce the scattering of data by improving the measuring technique.
Iv. Discussion
X-ray Penetration Depth and Absorption Effects
A marked decrease in the lattice constant of the mild steel was found in the case of oxidation of 500 °C, as seen in Fig. 6 . Absorption of X-rays by the thickening scale and influence of compositional change in the steel adjacent to the scale were thought to be responsible for this decreasing change. But in the case of pure iron, any marked decrease in the lattice constant was not found, as shown in Fig. 4 ; it appears that the absorption effect is negligible here. Thus influence of absorption effect on diffraction intensity and lattice constant of the steel was estimated for the steel-scale system. The effective penetration depth,7) defined as that which allows 95 % of the total X-ray beam to be diffracted, has been calculated for when K-characteristic X-rays of chromium and cobalt are diffracted from {310} planes of iron as a function of the thickness of Fe304 film on the iron. The penetration depth for Cr-Kca X-rays is 16.1 pm if the surface has no Fe304 film as shown in Fig. 9 . As the film thickness increases, the penetration depth decreases linearly to 9.7 jm and 2.3 pm for the thickness of 1.0 ~Cm and 2.0 pm, respectively. When steel is oxidized in air at 500 °C for 200 h, on the other hand, the film thickness is 25 35 pm. The penetration depth in steel, therefore, is 5 pm at the most after oxidation of 100 h. On the contrary, the characteristic X-rays of cobalt can penetrate more deeply.
Next, the change in the lattice constant due to the absorption effect in the substrate was estimated. According to Wilson's equation,8~ which gives the displacement of the center of gravity in an X-ray diffraction peak profile, the displacement 48 is estimated as 48=-0.0012 deg that is 4a=2x 10_6 nm in the lattice constant derived from Fe {211} peak using Cr-Ka X-rays. These results indicate that the absorption effects may be neglected.
Influence of Compositional Change
As another cause of the change in the lattice con- Fig. 8 . The oxidation stresses of Fe304 grown on steel SS41A (Q) and on pure iron (p) during oxidation in air at 500 °C. Cr-Ka1 X-ray. Fig. 9 . The depth of 95 % effective penetration into the iron by Cr-Ka X-ray (dotted line) and by Co-Ka X-ray (solid line).
The partial derivative in Eq. (2) has been taken as the strain E~ on specimen surface, because the strain is given by Esc _ s~ sin2 cb+K if the stress is assumed to be parallel to the surface and constant in depth direction. Stresses may be generated by volume change due to the metal to oxide transformation, whose nature can be estimated by a simple rule derived by Pilling and Bedworth (N. B. Pilling and R. E. Bedworth: J. Inst. Met., 29 (1923), 529): take the P. B, ratio as Volume per metal ion in the oxide P. B, ratio = -Volume per metal atom in the metal and if the P. B, ratio > 1, then the growth stress in the oxide will be compressive and in the metal tensile to be counterbalance.
Research Article stant, a compositional change near the steel-scale interface, in which concentrations of C and Mn may change in depth direction within a few pm in the steel, may be worth an examination.
Because the equilibrium oxygen partial pressure of Mnf MnO system is much lower than that of Fe/Fe304 system, and carbon may cause the iron oxide to reduce, it may be that oxidation of carbon and manganese is preferred to oxidation of iron, leading to depletion of these elements in the steel. However, even if it is assumed that manganese of 1.16 % in the steel is completely removed by preferential oxidation, only a change9~ of 0.0077 % in the lattice constant can be explained in the observed change of 0.014 % (Fig. 4) . On the other hand, a compositional change in carbon as small as 0.002 % is enough to explain the observed change in the lattice constant. Though none of the occurrence of decarburization or carburization in steel for oxidation at 500 °C has been found in literatures,l0-12) there is a strong tendency for carbon to be lost from the surface of steel at high temperatures when it is reheated for hot working or for heat treatment. The mechanism of decarburization from steel is understood. At the steel-scale interface, according to literatures,1a,14~ carbon in steel interacts with the scale to form carbon monoxide by the reaction. From Eq. (3'), the equilibrium pressure of the carbon monoxide can be calculated by putting 4G°= -RT In K and T=773 K (500 °C), yielding the value of 3.3 X 10_7 atm. The porous oxide layer permits permeation of carbon monoxide. As a result, the pressure of carbon monoxide at the steel-scale interface can be reduced below the equilibrium pressure. In spite of the prediction mentioned above, no evidence of decarburized zone was found near the steel-scale interface of the fractured section of the mild steel specimen both by microscopic inspection and by electron microprobe analysis. This might be attributed to the fact that the phenomenon takes place in a limited region of within several pm near the steel-scale interface. To examine this, an attempt was made to measure the strain and the lattice constant for the steel using Co-Ka X-rays which can penetrate more deeply. The 95 % effective penetration depths into substrate were calculated as 20 ~cm for iron covered with magnetite as thick as 20 and 35 pm for that without magnetite as shown in Fig.  9 . The lattice constant of mild steel shows no change during oxidation at 500 °C for 200 h, and in the later stage a slight increase followed by an abrupt change which is 0.0081 % reduction from the initial value takes place. The fact that the measurement with Co-Ka X-rays shows no remarkable change in the lattice constant, while the measurement with Cr-Ka X-rays shows a slight change, as shown in Fig. 4 , suggests that it averages out the information about the lattice constant through deeper region.
It appears that there is a compositional change in either carbon or manganese in steel near the steelscale interface. Which of the two is more responsible has not yet been made clear. Further investigation is being planned in addition to studying of the high temperature oxidation.
Scattering in Regression Line
The scattering of measured points in the sine ~b method was first examined. In the case of magnetite scale, for example, formed on SS41A steel after 185 h oxidation in air at 500 °C, the standard deviations of the interplanar spacings d of Fe304 {533} plane measured by Cr-Ka1 X-rays three times in each ~b angle, were ±O.0047'±0.0078%, and ±0.0063% in average.
One of the practical problems for X-ray strain measurement in high temperature oxidation is that the scattering of the data points of interplanar spacing d vs. sin2 0 plotting increases with the increase of scale thickness, especially in the case of Cr-Ka X-rays, as shown in Fig. 11 (upper) , and the decrease of the accuracy of the resultant stress is expected. In this case, the 95 % limit of confidence of the planar stress Qx has been estimated as -126±290 MPa, or -410< Qx < 135 MPa, which is a fairly large value for the limits of confidence. A similar result has been obtained for the lattice constant in zero strain aE_0. In case of Co-Ka X-rays, on the other hand (Fig.  11, lower) , the data did not scatter, giving small limits of confidence, that is, a=46±26 MPa or 22<a< 72 MPa. A slight tensile stress, which is estimated to be equal to or less than 50 MPa, has been nearly always found in the steel oxidized at 500 °C (Fig. 10,  lower) . We explain these results as due to very weak absorption effect, which causes deeper penetration of 
the X-rays and contribution of many more crystals to diffraction, producing sharper diffraction peak, but smaller compositional effect. Thus, it may be worth to emphasize that the X-ray with a short wave length is suitable for the strain measurement of the steel-scale system if the scale becomes thick after a prolonged time of oxidation, but is not susceptible to the lattice change in a limited region near the steel-scale interface. It is for those reasons that we changed the radiation depending on the purpose of investigation. So far, we calculated strains and stresses assuming the body to be uniform, isotropic, and continuously elastic. This assumption, however, will not hold if the lattice constants or strains change severely in the depth direction as in the case of the prolonged oxidation. It is possible that the results obtained with the Cr X-rays are affected by these causes. Therefore, it is necessary to estimate strains by another method like the integral methodl7~ if the linear correlation of the interplanar spacing d on sine ~b does not hold.
V. Conclusion
Strains generated in a steel-scale system were investigated continuously by X-ray diffraction methods during high temperature oxidation in air. The results obtained are summarized as follows :
(1) When investigated using Cr-Ka X-rays, the lattice constant of a mild steel SS41A is seen to decrease during prolonged oxidation at 500 °C in air, while the lattice constant of pure iron remains nearly constant in the same oxidation condition.
(2) The lattice constant of steel SS41A, which is investigated with Co-Ka X-rays, does not show remarkable change during oxidation at 500 °C in air.
(3) Stress level in the mild steel investigated with Cr-radiation is estimated as 50 MPa or less in the tensile mode during the oxidation at 500 °C in air. After 100 h of oxidation the stress changes into compressive mode. However the stress estimated with the Co-radiation is always tensile of -.5O MPa, and the stress level in the pure iron determined with Cr-radiation is also always tensile of -5O MPa.
(4) Decrease of the lattice constant and generation of the compressive stress of the mild steel in the oxidation at 500 °C are possibly attributed to the change in the chemical composition due to solute depletion near the steel-scale interface. The interplanar spacings of steel SS41A, oxidized in air at 500 °C res. sine c. Fe (211) measured by Cr-Ka1 X-ray (upper) and Fe (310) measured by Co-Ka1 X-ray.
